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Figure 8. 3D volumerendering of thedust density (left) and thetoroidal magneticýeld(right) for model RMHDP1 6 after 50 inner orbits. On the left, the location
of the inner rim (0.47 AU), the dead-zone edge (0.8 AU) and the dust concentration radius (1 AU) are annotated. The magneticýeldplot on the right presents a
domain cut to illustrate the midplane values.

Figure 9. Azimuthal density variations for the largest azimuthal mode over
timefor model RMHDP1 6 for threedi eδrent location insidethedisk. After 20
local orbits, the non-axisymmetric perturbation close to the dead-zone inner
edgegrows by two order of magnitude, reaching order unity perturbations in
theupper layers (red dashed line).

creaseby afactor two to threecompared to model RMHDP0 4.
Their radial slopes, however, remain similar in this region.
Thebiggest di eδrence is the presence of a large meanýeldin
the whole domain (compare black dashed lines in the bottom
panel of Fig. 6 and Fig. 7). This is particularly true in the
dead-zone, where the mean ýeldin model RMHDP0 4 BZ is
almost two orders of magnitudes larger than the typical value
we found in model RMHDP0 4. Finally, we caution that the
total duration of the simulation for model RMHDP0 4 BZ re-
mains fairly small. We refer the reader to the discussion sec-
tion for more details.

3.5. Long term non-axisymmetric perturbations

In this section, we investigate a potential growth of non-
axisymmetric structures that would arise in such a context.
This is done by using model RMHDP1 6, which is similar
to model RMHDP0 4 but features a larger azimuthal extent.
The initial conditions for this simulation are generated using
a snapshot of theþow in model RMHDP0 4 after 150 inner
orbits and periodically repeating the azimuthal domain four
times. Velocity perturbations of the order 10ī4cs are applied
cellwise to each components to break the symmetry. Model
RMHDP1 6 quickly reaches a new turbulent state, albeit with
statistical properties similar to model RMHDP0 4 (see Ap-
pendix A). The3D rendering of thedust density after 50 inner
orbits is shown in Fig. 8 (left panel). The plot conýrmsthat
dust particles are found between the rim and the dead zone
inner edge in a highly turbulent environment. As discussed

in the previous sections, the dust density increases sharply at
the dead zone inner edge, following a similar increase in the
gas surface density that is due to the drop of the accretion
stress (Flock et al. 2016). The right panel shows the tangled
structure of the turbulent magnetic ýeld.It is dominated by
the toroidal component which reaches amplitudes of several
Gauss.

We next computed the discrete Fourier transforms of the
density along azimuth. We focused on 3 di eδrent locations:
themidplane region at 0.5 AU which isfully turbulent, theup-
per layer closeto theinner rim surfaceand thedead-zoneedge
(R=0.83 AU and Z/R = 0.13), and themidplaneregion located
at 0.83 AU. Theresults aresummarized in Fig. 9. Initially, the
largescale density variations aresmall. They amount to a few
percent in both the turbulent midplane at R = 0.5 AU and in
the disk upper layers at R = 0.83 AU (see black solid and red
dashed lines). They are even smaller in the disk midplane at
R = 0.83 AU (i.e. at the dead-zone edge) where they only
reach value of ᶊ10ī3 (red dotted line). In the MRI active
region, these density perturbations do not grow for 60 local
orbital periods (ᶊ129 inner orbits). However, there is a clear
increase by about two orders of magnitudes at the location
of the dead-zone edge (see both red lines). For example, the
relative perturbations reach values of order unity in the disk
upper layers at R = 0.83 AU. The presence of a sharp sur-
face density change at that location and the growth timescale
of ᶊ20 local orbits both suggest that the Rossby wave insta-
bility (RWI) is growing (Lovelace et al. 1999; Meheut et al.
2013). This isconýrmedby theappearance of a localized vor-
tex (not shown) characterized by amidplane relative vorticity
of about (r ᶏv)z/ ᶋī0.3 in the vortex core. Similar values
have been reported in the literature for vortices produced by
the RWI (Lyra & Mac Low 2012; Meheut et al. 2013; Flock
et al. 2015). Fig. 9 indicates that the vortex is not grow-
ing anymoreafter 20 local orbits. Regarding the expected
lifetime of the vortex we can only make predictions based
on its shape. The vortex has an extent of ᶊ2H in radius
and around ᶊ22H in azimuth (H/ R ᶊ0.04 at the vortex
location). Such an elliptical vor tex is known to be vulner-
able to elliptical instabilities (Lesur & Papaloizou 2009),
which will limit its subsequent growth. A alternating state
of vor tex destruction and formation, as it was found in
(Flock et al. 2015), could be also possible.

Asaconýrmationof the aboveanalysis, Fig. 10 (top panel)
shows a snapshot of the dust density dataset after 150 inner
orbits for model RMHDP1 6. The vortex appears as a clear

M. Flock+ 2017
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1. trace species' kinematics ïfrom millimeter lines

R. Teague+ 2016

R. Teague et al.: Measuring turbulence in TW Hydrae with ALMA: methods and limitations
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Fig. 5. Radial proýlesof the turbulent width in msī1, top row, and asa function of local sound speed, bottom row. The blue dots show the results
of the direct method, where the CO and CN lines were assumed to be fully thermalised, and CS to be co-spatial with CN to derive a Tkin value.
Yellow solid lines show the results from the global ýtwhere the total line width wasýtfor, while dashed grey lines show the global ýtwhere vturb

wasýtfor individually. The 1ůuncertainties are shown as bars for the direct method and as shaded regions for the lines. A representative error
associated with theþuxcalibration of 7% at 80 au is shown in the top left corner of all panels.
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Fig. 6. 2D distribution of vturb for all three lines: CO (left), CN (centre), and the combination of CN and CS assuming co-spatiality, therefore
sharing the same Tex and vturb values (right). The values are masked outside 180 au and within 40 au. The beam size is shown in the bottom left
corner for each line, and the major and minor axesare denoted by the central cross, aligned with the x- and y-axes, respectively. At the distance of
TW Hya, 100ᶋ54 au. The azimuthal asymmetry see in the inner disk isan artefact of apurely radial subtraction of the beam-smearing component
discussed in Sect. 3.2.

We derive in Appendix B the eδ ect of the uncertainty on the
kinetic temperature on the derivation of the turbulence,

ŭvturb
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ŭT

T
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where M is the Mach number of the turbulent broadening. The
left panel of Fig. 8 shows, in theabsence of any error in themea-
surement of the line width, the relativeerror in vturb asa function
of relative error in Tkin for CO (assumingÕ= 28). We note that
as errors inæV have been neglected, Fig. 8a underestimates the
precision in Tkin necessary to detect vturb.

Previous measurements from the Plateau de Bure Interfer-
ometer (PdBI) and theSub-Millimetre Array (SMA) havetypical
þuxcalibrations of ᶊ10% andᶊ20% respectively (Hughes et al.
2011; Guilloteau et al. 2012), therefore we estimate that these
can only directly detect vturb at 3ůwhen vturb & 0.16 cs and
&0.26 cs, respectively. Our current ALMA experiment has acal-
ibration accuracy of 7ï10%,thus is sensitive to vturb & 0.2 cs

for the turbulence not to be consistent with 0 msī1 to 5ů.
Ultimately, ALMA is expected to reach a þuxcalibration of
ᶋ3%, which will translate into a limit of vturb & 0.07 cs for a
Ó3ůdetection.

However, theþuxcalibration does not aδ ect the precision
to which widths can be measured. The resulting errors on
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Fig. 5. Radial proýlesof the turbulent width in msī1, top row, and as a function of local sound speed, bottom row. The blue dots show the results
of the direct method, where the CO and CN lines were assumed to be fully thermalised, and CS to be co-spatial with CN to derive a Tkin value.
Yellow solid lines show the results from the global ýtwhere the total line width wasýtfor, while dashed grey lines show the global ýtwhere vturb

wasýtfor individually. The 1ůuncertainties are shown as bars for the direct method and as shaded regions for the lines. A representative error
associated with theþuxcalibration of 7% at 80 au is shown in the top left corner of all panels.
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Fig. 6. 2D distribution of vturb for all three lines: CO (left), CN (centre), and the combination of CN and CS assuming co-spatiality, therefore
sharing the same Tex and vturb values (right). The values are masked outside 180 au and within 40 au. The beam size is shown in the bottom left
corner for each line, and the major and minor axes are denoted by the central cross, aligned with the x- and y-axes, respectively. At the distance of
TW Hya, 100ᶋ54 au. The azimuthal asymmetry see in the inner disk is an artefact of a purely radial subtraction of the beam-smearing component
discussed in Sect. 3.2.
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1. trace species' kinematics ïfrom infrared lines

J. Brown+ 2013



1. trace species' kinematics ïfrom infrared lines

By G. Lesur



1. trace species' kinematics ïand magnetic fields!

Donati+ 2005



We can detect gas flows by
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abundances
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2. effects on trace species' abundances ïwater

M. Hogerheijde+ 2011



2. effects on trace species' abundances ïwater

S. Krijt+ 2016


